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ABSTRACT
We explore the relation between diffuse intracluster light (central galaxy included)
and the galaxy cluster (baryonic and dark) matter distribution using a sample of 528
clusters at 0.2 ≤ z ≤ 0.35 found in the Dark Energy Survey (DES) Year 1 data. The
surface brightness of the diffuse light shows an increasing dependence on cluster total
mass at larger radius, and appears to be self-similar with a universal radial dependence
after scaling by cluster radius.We also compare the diffuse light radial profiles to the
cluster (baryonic and dark) matter distribution measured through weak lensing and
find them to be comparable. The IllustrisTNG galaxy formation simulation offers
further insight into the connection between diffuse stellar mass and cluster matter
distributions – the simulation radial profile of the diffuse stellar component does not
have a similar slope with the total cluster matter content, although that of the cluster
satellite galaxies does. Regardless of the radial trends, the amount of diffuse stellar
mass has a low-scatter scaling relation with cluster’s total mass in the simulation, out-
performing the total stellar mass of cluster satellite galaxies. We conclude that there is
no consistent evidence on whether or not diffuse light is a faithful radial tracer of the
cluster matter distribution. Nevertheless, both observational and simulation results
reveal that diffuse light is an excellent indicator of the cluster’s total mass.
Key words: galaxies: clusters – galaxies: photometry – dark matter
1 INTRODUCTION
Galaxy clusters are permeated by a diffuse component
known as the intracluster light (ICL), composed of stars that
do not appear to be bound to any cluster galaxies. The exis-
tence of ICL in galaxy clusters was first reported in Zwicky
(1951), but limited by its very low surface brightness (∼ 30
mag/arcsec2), diffuse intracluster light only started to re-
ceive wide attention in the 1990’s along with technological
advances such as the usage of CCD cameras in astronomy
(Uson et al. 1991; Bernstein et al. 1995; Gonzalez et al. 2000;
Feldmeier et al. 2003).
Given its low surface brightness level, diffuse intraclus-
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ter light is difficult to observe, but is nevertheless an im-
portant component of galaxy clusters. Observations, semi-
analytical modeling, and simulation studies report that the
ICL and cluster central galaxies may make up 10 - 50% of
the total cluster stellar light (e.g. Feldmeier et al. 2004; Zi-
betti et al. 2005; Gonzalez et al. 2007; Behroozi et al. 2013;
Pillepich et al. 2014; Zhang et al. 2019b). A very interesting
new perspective on intracluster light is its connection to the
cluster dark matter distribution. Most noticeably, Montes
& Trujillo (2019) observed a similarity between the shape
of cluster dark matter distribution and diffuse intracluster
light, even more than the similarity between dark matter
and intracluster gas. A possible explanation is that both
dark matter and diffuse intracluster light contain collision-
less particles, while the intracluster gas strongly interacts
within itself. Thus, diffuse intracluster light is potentially
a better tracer of the cluster dark matter distribution and
could be an alternative mass proxy for new wide and deep
surveys such as LSST (Ivezic´ et al. 2019).
Additional evidence for such a connection between dif-
fuse intracluster light and the underlying cluster dark matter
distribution can be found in a few other observation-based
studies. Many have noticed a correlation between cluster
mass (including dark matter mass) and total diffuse light
luminosity or stellar mass especially at large radius (e.g.,
Zibetti et al. 2005; Kluge et al. 2020; DeMaio et al. 2020;
Huang et al. 2018b,a). Moreover, Zhang et al. (2019b, here-
after Z19) discovered that the ratio between diffuse light
surface brightness and a weak-lensing measurement-based
cluster mass-density model appears to be flat with a cluster
radius outside 100 kpc, and that diffuse intracluster light
radial profiles are “self-similar”, i.e., independent of cluster
mass after scaling by cluster radius.
This possible diffuse light and cluster dark matter con-
nection has also triggered the interest to model this elusive
component with simulations by several groups. Recently,
Alonso Asensio et al. (2020) investigated 30 clusters of galax-
ies with a narrow range of masses (1014 < M200/M < 1015.4)
simulated in the Cluster-EAGLE suite and found that the
galaxy clusters stellar and total matter distributions are
even more similar than in Montes & Trujillo (2019). Probing
a larger range of halo masses, Can˜as et al. (2019) found in the
Horizon-AGN simulation that the stellar diffuse light mass
fraction increases with halo mass, while its scatter decreases
with mass. Earlier, Pillepich et al. (2018) already examined
the diffuse light distribution in IllustrisTNG simulations and
pointed out that the diffuse light stellar density beyond 100
kpc of the cluster center has a similar radial slope with clus-
ter dark matter.
In this paper, we further explore this connection be-
tween diffuse intracluster light and cluster total matter dis-
tribution using data from the Dark Energy Survey (DES,
Dark Energy Survey Collaboration et al. 2016), a wide-field
optical imaging survey in g, r, i, z,Y using the 4-meter Blanco
telescope and the Dark Energy Camera (DECam, Flaugher
et al. 2015). The analysis of diffuse light in galaxy clusters
greatly benefits from extremely wide-field surveys like SDSS
(e.g. Zibetti et al. 2005, hereafter Z05) and DES (e.g. Z19),
as it allows to improve statistical analysis. Z19 successfully
detected the diffuse intracluster light using DES data out
to a cluster radius range of 1 - 2 Mpc at redshift ∼ 0.25 by
averaging ∼ 300 clusters. We use the Z19 methods to fur-
Table 1. Nomenclature used in this paper.
Name Definition
Cluster Central Galaxy, Cen-
tral Galaxy, CG
The cluster central galaxy
identified by the redMaPPer
algorithm. Qualitatively, these
names refer to the light/stellar
mass contained within the in-
ner ∼ 30 kpc of the galaxy cen-
ter.
Cluster Satellite Galaxies The light or stellar mass
contained in the non-central
cluster galaxies, each defined
within a Kron aperture obser-
vationally, or at twice the indi-
vidual object’s stellar half mass
radius in simulations.
Intracluster Light, Diffuse In-
tracluster Light, ICL
The diffuse light beyond the
outskirts of the central cluster
galaxy not associated with any
cluster satellite galaxy. Quali-
tatively, these names refer to
the light/stellar mass not al-
ready contained in the cluster
central galaxy or the cluster
satellite galaxies.
Diffuse Light, Diffuse Stellar
Mass
The light or stellar mass com-
bination of intracluster light
and the cluster central galaxy.
Cluster Total Light, Total
Cluster Light, Cluster Total
Stellar Mass, Total Cluster
Stellar Mass
Total light or stellar mass con-
tained in the galaxy cluster
within a cluster radial range
specified in the context. This is
the combination of diffuse light
and cluster satellite galaxies.
ther examine the relation between diffuse light and galaxy
cluster mass and update Z19 analysis with a larger sam-
ple (528 galaxy clusters). Given the difficulties in separating
diffuse intracluster light and the cluster central galaxy, we
follow the convention in Pillepich et al. (2018) to analyze
diffuse intracluster light and cluster central galaxy together
as “diffuse light”, while “intracluster light” or ICL is re-
served to qualitatively describe the unbound light that is
not contained within a few 10s of kpcs around cluster cen-
tral galaxies. Tab. 1 summarizes the definitions used in this
paper.
This paper is organized as follows: in Sec. 2 we describe
the DES data (e.g., images, source catalog, and galaxy clus-
ter catalog) and our analysis methods. In Sec. 3 we explore
how diffuse light profiles behave as a function of galaxy clus-
ter mass. We also investigate if the profiles are self-similar,
for different cluster masses, and its ratio to cluster total
light. In Sec. 4 and 5, we explore the main question of this
paper – whether or not diffuse light can be used as a tracer
of the cluster matter distribution, first, by comparing the
diffuse light radial distribution to that of cluster total mat-
ter measured with weak lensing in Sec. 4. Then, we also
analyze the diffuse light properties in the IllustrisTNG hy-
drodynamic simulations (Pillepich et al. 2018) in Sec. 5 to
compare to our measurements. Finally, we discuss and sum-
marize the results in Sec. 6. In agreement with Z19, cos-
mological distances are calculated with a flat ΛCDM model
with h = 0.7 and Ωm = 0.3.
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2 DATA AND METHODS
Our analysis is based on the observations collected and pro-
cessed by the Dark Energy Survey1. In this paper, we closely
follow Z19 in terms of the adopted data products and diffuse
light measurement methods. This section provides a brief re-
view, and notes any differences from Z19.
2.1 The redMaPPer cluster sample
As in Z19, we use the galaxy cluster sample identified by
the red-sequence Matched-filter Probabilistic Percolation
(redMaPPer) algorithm (Rykoff et al. 2014) in DES Year 1
data. Each identified cluster is assigned a richness value,
denoted as λ, which has been shown to be an excellent
low scatter indicator of cluster mass (e.g. Rozo & Rykoff
2014; Farahi et al. 2019). To minimize the need for applying
redshift-related corrections, we only make use of the clusters
in a narrow redshift range (e.g., 0.2 ≤ z ≤ 0.35). The upper
redshift limit is higher than Z19 to match the weak lensing
studies performed on the same cluster sample in McClintock
et al. (2019). We further split our sample into four richness
bins: 20 ≤ λ < 30, 30 ≤ λ < 45, 45 ≤ λ < 60 and 60 ≤ λ <
150, again following the choice in McClintock et al. (2019).
Our selection ends with 538 clusters in total, 305, 149, 52,
and 32 clusters in each of the respective richness bins. We
use the mass-λ relation from McClintock et al. (2019) to es-
timate cluster mass M200m, defined as the mass contained
inside a spherical radius within which the cluster has a 200
times overdensity with respect to the universe mean matter
density at the cluster’s redshift. The lowest richness value
from our cluster sample corresponds to a M200m value of 1.2
× 1014 M, while the highest richness value corresponds to
a M200m value of 1.8 × 1015 M. We further follow up the
cluster images and note 10 bad images in our cluster sample
(for instance, with unmasked objects and very bright regions
caused by nearby stars). We remove them from our analysis,
reducing the cluster sample size to 528 in total, 297, 148, 52
and 31 clusters at 20 ≤ λ < 30, 30 ≤ λ < 45, 45 ≤ λ < 60
and 60 ≤ λ < 150, respectively. Figure 1 shows the redshift,
richness and mass distribution of the cluster sample.
We make diffuse light measurements around the
redMaPPer-selected central galaxies, which aim to select the
cluster galaxies closest to the peaks of the cluster matter dis-
tribution. Studies have found the selections to be correct for
∼ 75±8% of the clusters (Zhang et al. 2019a), but otherwise
the redMaPPer algorithm may misidentify a cluster satellite
galaxy, or a projected foreground/background galaxy as the
center (Hollowood et al. 2019). Thus, we expect our diffuse
light measurements to have lower surface brightness than
those from an ideal situation (e.g., in simulation) in which
the central galaxy identification is unambiguous. However,
mis-centering should have minimal effects on our results that
compare diffuse light, total cluster light, and cluster weak
lensing measurements, as those are measured around the
same central galaxy selections.
Figure 1. Richness as a function of redshift for 528 galaxy clus-
ters. The colour represents the mean mass computed for the
redMaPPer clusters. We use the mass-richness relation and the
best-fit parameters reported in McClintock et al. (2019) to obtain
the clusters mean mass from their richness.
2.2 Light profile measurement
The cluster diffuse light in this analysis is derived from single
epoch images from the DES Year 3 processing campaign by
the DES Data Management (DES DM) working group (Ab-
bott et al. 2018). For a given cluster, all single epoch images
which overlap with the central cluster galaxy (within 9′) are
averaged to reduce variations in the sky background. Be-
cause bright stars or nearby galaxies can affect diffuse light
measurements, we remove clusters that are anywhere nearer
than 526′′ (equivalent to 2,000 pixels at DECam pixel scale)
from these objects (using bad region mask > 2 described in
Drlica-Wagner et al. 2018). The single expoch images of each
cluster are then coadded together using the SWarp software
(Bertin 2010) to create one image of the cluster. The single
epoch images have been subtracted of sky background esti-
mations which are evaluated over the whole DECam field-
of-view using using a Principal Component Analysis (PCA)
method (Bernstein et al. 2017) for each DECam exposure
image, and the SWarp sky subtraction function is turned off
during the coadding process.
To isolate diffuse light from galaxies and foreground
or background objects in the cluster field, we use the DES
coadded object catalog to mask detected astronomical ob-
jects, except redMaPPer selected cluster central galaxies.
The masks are constructed as ellipses with inclination, ma-
jor and minor axis provided by the DES DM coadd catalog
described in Abbott et al. (2018). Figure 2 shows an ex-
ample of three redMaPPer clusters (z ∼ 0.27) analyzed here
(top panel) and the masks applied (bottom panel). Unlike
Z19, in which object brightness and detection significance
cuts are applied before masking and then the faint galaxy
contribution is estimated using the galaxy luminosity func-
tion constraints, we mask all objects to the DES Y3 cata-
log limit with detection S/N > 1.5 (magerr_auto_i < 0.72,
mag_auto_i < 30.0, effectively mag_auto_i < 25). This gen-
erous limit should mask any real objects detected in the
1 https://www.darkenergysurvey.org
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Figure 2. These figures show the r−band images of three galaxy clusters in our sample (top panels), and demonstrate the masking
performed on each cluster (bottom panels), excluding the cluster central galaxies. The masking procedure is effective at removing the
light contribution of bright sources, such as galaxies and stars. Images are displayed with DS9 linear zscale and on the bottom left panel
we show a 1 arcmin scale for reference.
images, and we do not apply a faint galaxy contribution
correction afterwards, as Z19 demonstrated this component
to be insignificant at redshift ∼ 0.25 in DES data. After the
masking process, as mentioned in Sec. 2.1, we further visu-
ally inspect all the clusters, and prune a total of 10 clusters
that appear to be incompletely masked (because of image
and catalog mismatching), or appear to be badly affected
by nearby stars.
The diffuse light profiles are then calculated as the av-
erage pixel values of the unmasked regions of the images in
radial circular annuli, from which we then subtract residual
background profiles to acquire the final measurements. The
residual background profiles are measured around redMaP-
Per random points, which uniformly sample the sky cover-
age of the redMaPPer clusters in DES data. The same mea-
surement process applied to the redmapper central galaxies,
including masking, and averaging pixel values in circular an-
nuli were applied to the random points. Thus we expect the
residual background measurements to contain fluxes of sky
background residuals as well as fluxes from undetected fore-
ground and background astronomical sources (Eckert et al.
2020). We do require the random points to be at least 5 ar-
cmin away from the cluster centers to avoid over-subtraction
and a total number of 3859 random points are used in our
analysis.
In the further measurement process, the clusters and
random points are assigned to 40 regions using the Kmeans
algorithm2 (Steinhaus 1956; MacQueen et al. 1967), which
uses a clustering algorithm to divide the sky coverage of
the redMaPPer clusters into regions with approximately the
same area. We average the random point radial profiles in
each region and use it as an estimation of the sky background
of that region. This averaged random profile is subtracted
from each of the measured cluster radial profiles in the same
2 https://github.com/esheldon/kmeans_radec
region. Each of the subtracted cluster profiles is then cor-
rected to to an observer frame at redshift z = 0.275 (median
redshift of the sample), accounting for both distance dim-
ming and angular to physical distance. Finally, we sample
the averaged cluster profiles using the jackknife method to
estimate their uncertainties. Differently from Z19, we do not
subtract the average level flux value in the last bin of the
image.
In Z19, this measurement process has been tested by
stacking random points and simulated diffuse light profiles
which shows that the random background subtraction and
averaging process produce bias-free measurements. Discus-
sions have also been undertaken about the influence of sky
background estimations and the effect of instrument point
spread function (PSF) on diffuse light interpretations. We
refer the readers to that paper for further details regarding
the measurement methods and tests.
2.3 Surface brightness in luptitude
While it is traditional to describe diffuse light surface bright-
ness in units of mag/area, for sky subtracted low surface
brightness measurements near the noise limit, which can be
negative in flux, this leads to extremely noisy figures which
are hard to interpret. In this paper, we present the surface
brightness measurements of diffuse light in terms of asinh
magnitudes proposed by Lupton et al. (1999), which is in-
formally known as “luptitudes” (and we use lup as a symbol
for this unit). The luptitude system behaves very closely to
the traditional log-based magnitude in the high signal-to-
noise (S/N) regime, but has the advantage of robustness in
the low signal-to-noise (S/N) regime or even when the flux
is negative.
We calculate luptitude and its uncertainty from diffuse
MNRAS 000, 1–18 (2020)
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light flux and uncertainty using the following equations,
µ = m0 − 2.5 log10 b − a × sinh−1
(
f
2b
)
, and
σµ =
√
a2σ2
f
4b2 + f
.
(1)
In these equations, m0 = 30 is the zeropoint magnitude; b
is the softening parameter, or knee of the luptitude function
where standard magnitudes and luptitudes begin to signif-
icantly diverge, and is defined as b ≡ √aσf ≡ 1.042σf , in
which σf is fixed to be a flux uncertainty at 500 kpc which
sets b ≡ 0.03217925; a ≡ 2.5 log10 e = 1.0857 (Pogson ratio);
σf is the flux ( f ) measurement uncertainty.
In Figure 3, we show the diffuse light surface-brightness
profiles of the four cluster richness subsets (Sec. 2.1), follow-
ing the measurement processes described in Sec. 2.2. The
measurements are presented in luptitudes (µ, black lines)
and also in the traditional magnitude (m, coloured lines)
for comparison. The luptitude and magnitude values of the
surface brightness measurements are in excellent agreement
when the flux measurements have high S/N (within 200
kpc). As we approach larger cluster radius and the uncer-
tainty of diffuse light measurement increases, µ behaves reli-
ably while m shows discontinuities (because of negative fluc-
tuations), justifying the usage of µ in this paper.
3 DIFFUSE LIGHT PROFILES
3.1 Flux profile and integrated flux
As mentioned in sec. 2.1, we divide the clusters into 4 rich-
ness sub-samples following McClintock et al. (2019), 20 ≤ λ
< 30, 30 ≤ λ < 45, 45 ≤ λ < 60 and 60 ≤ λ < 150, which
correspond to mean masses of 1.6 × 1014, 2.7 × 1014, 4.3 ×
1014 and 8.0 × 1014 M. We compute the surface bright-
ness profiles as described in Sec. 2, accounting for both dis-
tance dimming and angular-to-proper distance and convert
the fluxes to luptitudes with a zero-point of 30 (see Sec. 2.3).
These surface brightness profiles are also integrated to de-
rive the total diffuse light luminosity as a function of radius,
as in
f (R) = 2pi
∫ R
0
r ′L(r ′)dr ′ (2)
where L(r ′) is the flux profile. Figures 4 and 5 show, respec-
tively, surface and integrated brightness diffuse light profiles
for different richness ranges.
Unsurprisingly, the surface brightness and integrated
brightness of diffuse light in richer clusters is brighter, which
can be explained given that richer and thus more mas-
sive clusters host more satellite galaxies (Gao et al. 2004),
and tidal stripping as well as dwarf galaxy disruption have
the opportunity to disperse more stars into the intraclus-
ter space. However, the surface brightness and integrated
brightness of diffuse light in the cluster central region varies
little with cluster richness. Such an effect is in agreement
with the inside-out growth scenario, which assumes that
galaxy centers form early in a single star-burst, and the ac-
creted galaxy stellar content at later times are deposited
onto the galaxy outskirts (e.g. van Dokkum et al. 2010; van
Figure 3. Top panel: The surface brightness profiles of dif-
fuse light presented in both magnitude (coloured regions) and
luptitude (black lines) of clusters in four richness ranges. We
shift the profiles of the cluster richness subsets by 2 lup/kpc2
from each other to better visualize the differences between sys-
tems. Shaded regions represent their corresponding uncertainties,
which are computed using the jackknife sampling method. Lower
panel: We show the difference between magnitude and luptitude,
again shifted by 2 mag for each cluster richness subset. These fig-
ures demonstrate that luptitude is better suited than magnitude
for presenting diffuse light surface brightness. It is in excellent
agreement with magnitude when the diffuse light surface bright-
ness measurement has high S/N, and behaves reliably when the
measurement has low S/N.
Figure 4. Stacked surface brightness profiles of clusters in dif-
ferent richness bins. The shaded regions represent the uncertain-
ties, which are computed through jackknife sampling. The diffuse
light profiles show similar profiles in the center regions, but more
massive clusters have a higher level of surface brightness in the
outskirts (mass dependence).
MNRAS 000, 1–18 (2020)
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Figure 5. Integrated brightness profiles of clusters in differ-
ent richness bins. The shaded regions represent the uncertainties
which are computed through jackknife sampling. The integrated
diffuse light profiles show similar profiles in the center regions, but
more massive clusters clusters have a higher level of integrated
surface brightness in the outskirts (mass dependence). Note that
because diffuse light flux may fluctuate to negative values be-
cause of sky subtraction, and therefore the integrated flux may
show features that decrease with radius in low S/N regions.
der Burg et al. 2015,Oser et al. 2010). These effects have
also been noted in Z05 and Z19.
We further investigate the mass dependence of the dif-
fuse light integrated fluxes within five radii, 15, 50, 150,
300, and 500 kpc, which range from being dominated by the
BCG, to being dominated by the diffuse light. We use the
cluster mass estimations modeled from cluster weak lensing
measurements in McClintock et al. (2019). Figure 6 shows
the integrated flux in these radial ranges as a function of the
cluster mass. To examine the steepness of the cluster mass
dependence, we perform a linear fit to the logarithmic values
of integrated diffuse flux versus M200m, as
log10 f (R) = α log10 M200m + β, (3)
where α is the slope and β is the y-intercept. We also esti-
mate the Pearson correlation coefficient (ρcc) as,
ρcc =
Cov(log10 M200m, log10 f (R))√
Var(log10 M200m)Var(log10 f (R))
, (4)
We report the best-fit parameter values and the cor-
relation coefficients in Tab. 2. The slope of the flux-M200m
dependence is insignificant at small radii (15 and 50 kpc),
but becomes steeper with enlarging radius and is most pro-
nounced at the largest radius. The correlation between total
diffuse light luminosity and cluster mass is excellent at large
radius beyond 50 kpc: the fitting slope indicating the diffuse
light mass-dependence is steep and significant at 500 kpc;
the correlation coefficient values is also significant, reaching
ρcc > 0.9 outside of 300 kpc. We will return to this correla-
tion and further explore the connection between diffuse light
and cluster masses in the upcoming sections.
Figure 6. Cluster mass dependence of the integrated diffuse light
flux. We compute the integrated fluxes within 5 radii (15, 50, 150,
300 and 500 kpc) and show them as a function of the cluster mass.
The dotted lines show a best linear fitting to the logarithmic
values of the flux and the cluster mass. The mass dependence
slope of diffuse light luminosity becomes steeper with larger radii,
indicating stronger correlation between diffuse light luminosity
and cluster mass.
Table 2. Best linear-fit parameters for integrated profiles.
Diffuse Light
Radius [kpc] α β ρcc
15 0.103±0.049 4.328±0.084 0.719
50 0.209±0.064 4.520±0.112 0.847
150 0.300±0.088 4.550±0.155 0.870
300 0.397±0.102 4.495±0.183 0.900
500 0.507±0.118 4.368±0.215 0.922
Cluster Total Light
Radius [kpc] α β ρcc
15 0.133±0.049 2.582±0.721 0.727
50 0.247±0.013 1.327±0.186 0.948
150 0.203±0.050 2.354±0.724 0.864
300 0.349±0.066 0.471±0.972 0.918
500 0.442±0.059 -0.709±0.861 0.983
3.2 Self-Similarity
The distribution of dark matter, hot gas, and even mem-
ber galaxies in galaxy clusters are known to exhibit a large
degree of self-similarity (Peebles 1980), so that these cluster
components follow a nearly universal radial profile after scal-
ing by a characteristic radius related to the cluster’s mass
and redshift (e.g., dark matter: Navarro et al. 1997, hot gas:
Kaiser 1986, cluster galaxies: Budzynski et al. 2012). These
extraordinary properties often mean a low scatter relation
that relates the cluster’s dark matter, gaseous or satellite
galaxy observables to the cluster’s total mass.
In Z19, it was discovered that cluster diffuse light also
appears to be self-similar, i.e., clusters of different masses
appear to have a universal diffuse light profile at large radii
beyond 100 kpc of the cluster center, after scaling by the
cluster’s R200m, indicating a tight relation between diffuse
light and cluster mass. In this section, we revisit the diffuse
light self-similarity by scaling the surface brightness profiles
MNRAS 000, 1–18 (2020)
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Figure 7. Scaled diffuse light profiles for different cluster richness
bins. The smallest radii in this figure would correspond to 52.23,
62.47, 72.91 and 89.61 kpc before scaling the profiles by cluster
R200m for richnesses 20 ≤ λ < 30, 30 ≤ λ < 45, 45 ≤ λ < 60 and 60
≤ λ < 150, respectively; while the largest radii would correspond
to 1044.61, 1249.39, 1458.18 and 1792.24 kpc for richnesses 20 ≤
λ < 30, 30 ≤ λ < 45, 45 ≤ λ < 60 and 60 ≤ λ < 150, respectively.
The profile uncertainties are represented by the shaded regions
and estimated using jackknife sampling. All profiles show self-
similarities up to 0.8 r/R200m within 1σ.
by R200m. For each cluster richness sub-sample, we estimate
their 〈R200m〉 using,
〈R200m〉 = 3
√
3〈M200m〉
800piρm(zm), (5)
where M200m is the mean mass of each sub-sample es-
timated with the mass-richness relation from McClintock
et al. (2019) and zm is the mean cluster redshift, 0.275;
ρm(zm) = Ωm ρcrit (1+zm)3 is the mean cosmic matter
density in physical units for zm, ρcrit is the critical den-
sity at redshift zero. The 〈R200m〉 values are estimated to be
1305.76, 1561.73, 1822.72, 2240.30 kpc at 20 ≤ λ < 30, 30 ≤
λ < 45, 45 ≤ λ < 60 and 60 ≤ λ < 150, respectively.
Figure 7 shows the diffuse light profiles after scaling by
〈R200m〉. We observe self-similarity between all the richness
bins outside 0.05 〈R200m〉 and up to 0.8 r/R200m within 1σ.
3.3 Cluster total light
We also derive the radial profiles from the cluster images
without masking any objects (as shown in the top panels of
Figure 2). When none of the objects are masked, the cluster
images not only contain the light from the diffuse light, but
also the rest of the cluster galaxies. The images also contain
light from the foreground and background structures, al-
though these contributions are eliminated later by subtract-
ing light profiles derived from random images. Throughout
this paper, we refer to the light profiles derived from the
unmasked images as the cluster total light profiles.
For the computation of these cluster total light profiles,
we follow the same procedure described in Sec. 2.2, with the
exception that we use the unmasked images for both clus-
ters and random points and we re-bin the cluster total light
Figure 8. Cluster total light (red dashed line) and the diffuse
light (blue solid line) profiles in different cluster richness bins, in
terms of surface brightness (upper panels) and integrated fluxes
(lower panels). The profile uncertainties are represented by the
shaded regions and estimated using jackknife sampling. In both,
the surface brightness and integrated surface brightness profile,
the contribution from cluster total light profiles is higher than
diffuse light profiles.
profiles. When computing the sky brightness level using the
unmasked random images, the sky brightness level obtained
is higher than that from the masked random images, because
we are observing the contribution of all the components of
the image. We apply the subtraction between the unmasked
cluster images and the random images to derive the cluster
total light profiles. We notice these profiles to be much nois-
ier at radii larger than r = 27.5 kpc. Thus, for the regions
beyond 27.5 kpc, we re-binned the profiles by using larger
width annuli to improve the signal-to-noise. We use 15 radii
bins in logarithmic space beyond 27.5 kpc. The uncertainties
of the cluster total light profiles are sampled with the jack-
knife method applied to the re-binned individual profiles.
Figure 8 displays the cluster total light profiles in com-
parison to the diffuse light profiles. Both diffuse light and
cluster total light profiles become fainter as the radius in-
creases, with the total light surface brightness reaching ∼
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Figure 9. Cluster mass dependence of the integrated cluster total
light flux. We compute the integrated fluxes within 5 radii (15, 50,
150, 300 and 500 kpc) and show them as a function of the cluster
mass. The dotted lines show a best linear fitting to the logarithmic
values of the flux and the cluster mass. The different heights of
the fitting indicates that cluster total light in clusters gets more
luminous with the increasing of the radius, also the slope gets
steeper at larger radii, showing that the increasing luminosity is
even higher in more massive clusters.
31 lup/kpc2 at r = 500 kpc. Since the cluster total light
is completely dominated by the BCG light within r ∼ 10
kpc, the cluster total light and diffuse light profiles coincide
at this radial range. The bottom panels of Figure 8 further
show the integrated radial profiles of the diffuse light and
total light. The total light in the richest clusters reaches a
brightness of 15 lup/kpc2 at r = 1 Mpc, and the cluster total
light deviates significantly from the diffuse light beyond ∼
100 kpc.
As in Sec. 3.1, we derive the integrated flux of clus-
ter total light in five radial ranges, and study their mass
dependence as shown in Figure 9. A linear fit to the loga-
rithmic values between the integrated flux and the cluster
mass, M200m, is performed and the best-fit parameters are
reported in the lower section of Tab. 2. The cluster total
light flux also shows increasing mass dependence at larger
radius, but the trend is not as robust as the trend of dif-
fuse light. At 500 kpc, the cluster total light flux also shows
strong mass dependence with a significant correlation coeffi-
cient value ρcc > 0.9 with a steep mass dependence slope of
0.432±0.055. The results show that cluster total light is also
well correlated with cluster total mass, but the correlation
is not as strong as that of diffuse light.
3.4 Diffuse light to cluster total light fraction
A very important quantity in diffuse light studies is the frac-
tion of diffuse light in total cluster light. We measure this
quantity by dividing the surface brightness profiles and the
integrated profiles of the diffuse light by the corresponding
Table 3. Diffuse light surface brightness fraction and integrated
flux fraction to cluster total light at various cluster radii.
Surface Brightness fraction (%)
λ 50 kpc 300 kpc 700 kpc 1 Mpc
20-30 34.1±7.1 4.5±5.8 – –
30-45 48.9±7.1 12.4±7.7 – –
45-60 50.0±8.3 19.3±11.5 – –
60-150 46.3±9.5 15.3±8.4 – –
Integrated flux Fraction (%)
λ 50 kpc 300 kpc 700 kpc 1 Mpc
20-30 90.3±4.6 37.0±7.1 16.2±9.9 5.8±11.9
30-45 91.0±5.3 43.8±5.3 26.2±9.9 17.4±12.8
45-60 91.4±7.7 41.6±7.6 27.0±9.6 18.2±10.7
60-150 83.6±10.4 41.3±9.2 26.3±10.7 26.2±19.2
profiles of total cluster light,
r1(R) = fdiffuse(R)ftotal(R)
,
r2(R) =
∫ R
0 dr fdiffuse(r)∫ R
0 dr ftotal(r)
,
(6)
which is the diffuse light fraction and cumulative diffuse light
fraction respectively. Figure 10 shows these fractions in dif-
ferent cluster radial and richness ranges. We report the dif-
fuse light and integrated ratio at 50, 300, 700 and 1000 kpc
for 20 ≤ λ < 30, 30 ≤ λ < 45, 45 ≤ λ < 60 and 60 ≤ λ <
150 in Tab. 3. Within 50 kpc, diffuse light makes up most of
the cluster total light, and the cumulative fraction is above
80% regardless of cluster richness. Beyond 50 kpc, given the
faster increase of cluster total light with radius than diffuse
light, the cumulative diffuse light fraction steadily decreases
with increasing radius, which reaches around ∼24% at 700
kpc regardless of cluster richness. We do not notice obvious
cluster richness/mass dependence of the diffuse light and
integrated flux ratios, especially beyond 200 kpc.
Many previous studies have measured diffuse light frac-
tion, but the results seem to be at tension possibly caused
by different analysis choices. An important consideration is
that the diffuse light fraction changes with the analysis ra-
dius, as our measurement demonstrates. Previously, Krick
& Bernstein (2007) found that the diffuse light fraction is
between 6±5% and 22±12% at one-quarter of the virial ra-
dius using r−band, while Montes & Trujillo (2018) found this
fraction to be between 8.6±5.6% and 13.1±2.8% at R500, and
Z19 measured a diffuse light fraction of 44±17% at 1 Mpc.
Our results of diffuse light fraction being ∼ 24% at 700 kpc
agrees with the range in the previous work.
How the diffuse light fraction changes with cluster mass
is another interesting topic in diffuse light studies. Efforts
with semi-analytical studies suggested an increasing diffuse
light fraction with cluster mass, reaching around 50% in
clusters of 1.42 × 1015 M mass (Lin & Mohr 2004). Ob-
servationally Zibetti et al. (2005) found no evidence of mass
dependence of the diffuse light fraction. Figure 10 shows our
results demonstrating the mass (in)dependence of the diffuse
light fraction in three radii. There is no outstanding differ-
ence in the diffuse light fractions between cluster richness
subsets within 300 kpc, which is in agreement with Zibetti
et al. (2005). However, since our results are derived in phys-
ical radius, the diffuse light fractions will likely change with
cluster mass when derived in terms of the normalized clus-
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Figure 10. Upper panels: Diffuse light fraction in the cluster total light, as a function of radius (left panel) and the cluster total mass
measured. Lower panels: Cumulative diffuse light fraction in the cluster total light, as a function of radius (left panel) and cluster total
mass (right panel). The mass dependence increases mildly with radius, whereas the diffuse light ratio at 50 kpc presents no trend with
increasing of mass and a mild trend at 300 kpc; while integrated flux ratio presents no trend at 50 kpc and 300 kpc and a mild trend at
1000 kpc.
ter radius, such as with respect to R200m. In addition, at
large radius, we notice a low significance increase of the dif-
fuse light fraction with mass, although higher signal-to-noise
measurements will be needed to confirm this trend.
4 COMPARISON TO WEAK LENSING
Recent studies have presented significant evidence of a con-
nection between diffuse light and the cluster dark matter
(or total mass) distribution – diffuse light profiles have sim-
ilar radial slopes with the total cluster dark matter density
distribution (e.g. Pillepich et al. 2014; Pillepich et al. 2018;
Montes & Trujillo 2018); The diffuse light surface bright-
ness contours are highly similar to the cluster mass density
contours (e.g. Montes & Trujillo 2019; Alonso Asensio et al.
2020). In Z19 and this paper (Figure 7), we also note the dif-
fuse light surface brightness to be self-similar, appearing to
have a universal radial profile after scaling by cluster R200m
radius.
These analyses raise an interesting question – does dif-
fuse light trace the cluster dark matter, and thus trace the
cluster total matter distribution? In this section, we explic-
itly explore this question by comparing the diffuse light ra-
dial dependency with that of the cluster total matter mea-
sured through weak lensing.
4.1 Weak-lensing measurements
The cluster total matter radial distribution are derived
through the tangential shear measurements from weak lens-
ing around the clusters of interest. The azimuthally averaged
tangential shear is related to the 2-dimensional surface den-
sity as:
γT =
Σ¯(< R) − Σ¯(R)
Σcrit
=
∆Σ(R)
Σcrit
, (7)
where Σ¯(< R) is the average cluster surface mass density
inside the radius of R, Σ¯(R) is the surface mass density at
the radius of R, and Σcrit is given as,
Σcrit(zs, zl) =
c2
4piG
Ds
DlDls
, (8)
where z and D denote the redshift and the distance to the
object, respectively, and the subscripts s and l, the source
and the lens. We use ∆Σ(R) for the following analyses, as
described ahead.
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Figure 11. Upper Panel shows the cluster mass profiles in four
richness bins measured through WL tangential shear estimations.
Lower panel shows the validation cross-component shear mea-
surements around the same clusters, which is consistent with a
null signal and indicates the shear measurements to be relatively
bias-free. The cluster mass profiles measured through WL tan-
gential shear estimations is compared to the diffuse light profiles
in Sec. 4.
The shape catalog (Zuntz et al. 2018) used for the
weak lensing measurements in this paper is produced by
Metacalibration (Sheldon & Huff 2017). In contrast
to other shear estimation algorithms, Metacalibration
adopts galaxy images themselves to relate the measured el-
lipticity of galaxies to the true shear through the 2×2 re-
sponse matrix, R. The response matrix is calculated by de-
convolving the point spread function (PSF) from the image,
injecting a small artificial shear and re-convolving the image
with the representation of the PSF. The resultant represen-
tation of the mean true shear, 〈γ〉, can be written as,
〈γ〉 = 〈R〉−1〈e〉. (9)
In practice, we define the average response as R˜ = (R11 +
R22)/2. We have checked that given the noise level in our
data, using this approximation does not affect our measure-
ment significantly.
In addition, there is a second component that con-
tributes to the response matrix, which is due to the selec-
tion of the galaxies, Rsel. Since the selection response is only
meaningful as ensembles of galaxies, we make use of the
mean value 〈Rsel〉. For details of Metacalibration, we re-
fer the readers to Sheldon & Huff (2017).
In McClintock et al. (2019), it is shown that the optimal
estimator for ∆Σ(R), including the response is,
∆˜Σ(Rk) = B(Rk)
∑
i,j ωi,jeT;i,j∑
i,j ωi,jΣ
′−1
crit;i,j(R˜i + 〈Rsel〉)

Rk<R≤Rk+1
, (10)
for the k-th radial bin, where B(Rk) is the correction factor
for contamination from the cluster members and foreground
galaxies (boost factor), which we describe in the next para-
graph. The summation goes over all the lens (j) - source (i)
pairs, and
Σ
′−1
crit;i,j = Σ
−1
crit(zlj, zMCsi ), (11)
where zMCsi is a random Monte Carlo sample from the full
photo-z probability distribution for the i-th source and
ωi,j = Σ
−1
crit(zlj, 〈zsi 〉) if〈zsi 〉 > zlj + 0.1 (12)
for which the photometric redshifts of galaxies are estimated
with Directional Neighbourhood Fitting (DNF) algorithm
(De Vicente et al. 2016).
Even with a redshift cushion of 0.1 between the lens
and the source, because of photometric redshift uncertainties
and contamination from the cluster members, some of the
source galaxies we use are in front of the lens clusters. These
galaxies do not retain any gravitational shear due to the lens,
therefore dilute the weak lensing signal. We correct for this
effect following the procedure in Sheldon et al. (2004),
B(Rk) =
Nrand
Nlens
∑
i,j ωi,j∑
k,l ωk,l
, (13)
where i and j represent the lens-source pairs, and k,l the
random-source pairs.
In Figure 11, we show the WL measured surface mass
density profiles of the four cluster richness subsets used in
this paper. These measurements will be used for direct com-
parison to the diffuse light radial profiles. The validation
cross-component shear measurements around the same clus-
ters, are also shown in Figure 11, which is consistent with
a null signal and indicates the shear measurements to be
relatively bias-free. Multiplicative bias due to shear calibra-
tion or redshift calibration bias may still be present, but will
not affect the conclusions of the paper as we do not com-
pare the absolute amplitudes of the lensing and diffuse light
luminosity measurements.
4.2 Conversion into annular surface differential
density
We aim to directly compare the stacked diffuse light ra-
dial profiles to the stacked cluster mass profiles measured
through weak lensing. However before we start, we need to
carefully evaluate what observational quantities to use for
such comparison.
For the diffuse light profiles, we directly measure their
surface brightness as a function of radius, which informs us
about the diffuse light surface stellar mass density on the
plane of the sky. Therefore, we would like to compare this
quantity to the surface mass density of galaxy clusters, Σ(r).
However, in DES weak lensing measurements (Sec. 4.1), the
direct observable is the cluster tangential shear profile, which
probes the cluster’s differential surface mass density, ∆Σ(r),
and is related to the surface mass density Σ(r) as,
∆Σ(R) = 2
R2
∫ R
0
R′Σ(R′)dR′ − Σ(R). (14)
Figure 11 shows the cluster ∆Σ(r) profiles derived from weak
lensing in each of the richness sub-samples.
Although it is possible to derive Σ(r) from the weak
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Figure 12. Comparison between the ΥDL and ΥWL profiles
(upper panels) and the Υtotal and ΥWL profiles (lower panels).
The red solid lines represent the ΥDL and Υtotal profiles while the
blue dashed lines represent the ΥWL profiles. The uncertainties of
the profiles are derived with the jackknife sampling method. Re-
semblance between diffuse light ADSB, cluster total light ADSB
and cluster total mass ADSD profiles is seen in this plot, and
diffuse light seems to trace the cluster total matter distribution
beyond 300 kpc closer than cluster total light.
lensing-measured ∆Σ(r) as is done in Z19, these derivations
rely on model assumptions of the cluster mass distribution.
To avoid our diffuse light-weak lensing comparison being
affected by model choices, we decide to instead, convert the
diffuse light and cluster total light surface brightness into a
differential surface brightness as
∆L(R) = 2
R2
∫ R
0
R′L(R′)dR′ − L(R). (15)
Note though that cluster differential surface mass den-
sity ∆Σ(R) is inevitably affected by the Σ(R) values at small
radius, where the diffuse light profiles have been shown to
have significantly different radial slopes than the cluster to-
tal mass distribution in Z19. To eliminate the small radial
contributions, we further convert ∆Σ(R) into the Annular
Differential Surface Density (ADSD: Mandelbaum et al.
Figure 13. Upper panel: Ratios between ΥWL and ΥDL as a
function of cluster radius. Lower panel: Ratios between the ΥWL
and Υtotal as a function of cluster radius. Note that the y-axes of
the two panels use a combination of linear and log scales, linear
within -1 to 1, transitioning into log scales outside of 1 or -1 to
show large deviations.
2013), Υ, as
ΥWL(R; R0) = ∆Σ(R) −
(
R0
R
)2
∆Σ(R0). (16)
In the above equation, R0 is a chosen radius within which
the cluster’s surface mass density will not affect the mea-
surements of Υ(R; R0). In this paper we use a R0 value of 200
kpc. Similarly, we convert the diffuse light and cluster total
light differential surface brightness into Annular Differential
Surface Brightness (ADSB) as
ΥDL/total(R; R0) = ∆LDL/total(R) −
(
R0
R
)2
∆LDL/total(R0).
(17)
4.3 Comparison Result
In Figure 12, we show the comparisons between the WL-
derived cluster mass ADSD and the ADSB of diffuse light,
as well as the comparison between the cluster total mass
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ADSD and the ADSB of cluster total light. Note that
the values of the WL-derived cluster ADSD profiles are
scaled by the average weak lensing and total-light ratio,
ADSD/ADSB, between 550 and 1050 kpc, and the values
of the diffuse light ADSB profiles are also scaled by the av-
erage diffuse/total-light ratio between 550 and 1050 kpc, so
the cluster ADSD(B) profiles are in similar numerical ranges.
Overall, we find that the ADSB profiles of diffuse light
and the ADSD profiles of cluster total mass have simi-
lar radial dependence especially outside 200 kpc, consistent
within their 1 σ measurement uncertainty range. However,
the ADSB or ADSD profiles, within 200 kpc, start to show
some deviations, but the deviation is not significant, and
the profiles are still consistent within 1σ. Interestingly, the
ADSB or ADSD profiles of cluster total light and cluster
mass are also consistent within their 1σ uncertainty ranges,
although the ADSB profiles of cluster total light are mea-
sured to be much noisier than the ADSB profiles of cluster
diffuse light. We further derive the ratios between ΥWL pro-
files and ΥDL as well as between ΥWL and Υtotal, as shown
in Figure 13. Again, we note that the ADSB(D) profiles of
diffuse light and cluster total mass have consistent radial
dependence outside 200 kpc, but show deviations at a low
S/N within 200 kpc. The ADSB(D) profiles of cluster total
light and cluster total mass also appear to have consistent
radial dependence, but the comparisons are much noisier.
Given these comparisons, we conclude that we see evi-
dence of consistency between diffuse light and cluster total
mass radial distributions from weak lensing measurements
especially outside 200 kpc of the cluster center. However,
given the large uncertainties associated with the ADSD(B)
observables, further high S/N measurements of both the
cluster weak lensing signals and diffuse light surface bright-
ness will be necessary to distinguish any subtle differences.
We will return to this topic of radial resemblance between
cluster diffuse light and total mass distribution in Sec. 5.1.
5 DIFFUSE LIGHT PROPERTIES IN
SIMULATION
In the previous section, we notice similarities between the
diffuse light radial profiles and the cluster total mass ra-
dial profiles, but can not draw a conclusive statement about
their consistency. Diffuse light simulations offer more insight
into this aspect. In this section, we turn to the Illustris The
Next Generation (IllustrisTNG) hydrodynamic simulation
to investigate the similarity between the distributions of the
diffuse light and the cluster total mass (Vogelsberger et al.
2014; Nelson et al. 2015). The IllustrisTNG simulation is a
powerful, high-resolution hydrodynamic cosmological simu-
lation, which considers gravitational and hydrodynamic ef-
fects as well as sophisticated models for processes of radia-
tion, diffuse gas, and magnetic field.
We use the IllustrisTNG 300-1 simulation and in partic-
ular, the snapshot at redshift 0.27, which matches the me-
dian redshift of our redMaPPer cluster samples. We select
halos with masses M200m above 1014M/h, which roughly
matches the mass range of the redMaPPer clusters analyzed
in this paper, and eliminate halos that are within 20 Mpc/h
of the snapshot boundaries to avoid boundary effects. These
selection criteria yield 110 halos suitable for our analysis. We
Figure 14. The radial density profiles in 3D (upper panel) and
2D projected distances (middle panel) of various cluster mass
components in the IllustrisTNG 300-1 simulation – dark matter,
gas, diffuse light and subhalo stellar mass – as well as the total
halo mass densities. Lower panel: The radial derivative of the
radial densities in 2D projected space. Throughout the plots, we
notice that the halo diffuse light appears to be the most concen-
trated, while the halo gaseous content appears to have the lowest
radial concentration, which is consistent with diffuse light be-
ing produced from galaxy stripping/disruption towards the halo
center, while gaseous particles experience frequent interactions
that flatten out their radial distribution. The most faithful ra-
dial tracer of the halo dark matter distribution appears to be the
subhalo stellar mass.
then derive the densities of the simulation stellar particles,
dark matter particles, and gaseous particles as a function of
3D halo radius, and also 2D projected radius on the simula-
tion x/y plane.
5.1 Does diffuse light have the same radial
dependence with cluster total mass?
To derive the radial density profiles of the diffuse light in the
simulation, we first compute the radial density profiles of the
stellar particles contained in subhalos. The stellar mass of
subhalos within twice the stellar mass half-radius of the sub-
halos are used to derive these profiles, although we limit the
calculation to the subhalos of stellar mass above 109M (con-
tained within the radius of Vmax). The subhalo radius and
the subhalo mass thresholds are selected to roughly match
the galaxy masking radius and depth limit of our measure-
ments. This subhalo stellar profile is then subtracted from
the radial density profiles of all the stellar particles around
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Figure 15. Upper Panel: the Υ density profiles of various clus-
ter mass components – dark matter, gas, diffuse light and subhalo
stellar mass – as well as the total halo mass densities, derived
from the 2D projected radial density profiles in Figure 14. Lower
Panel: the relative ratios between the Υ profiles of halo total
mass and the various halo mass components – dark matter, gas,
diffuse light and subhalo stellar mass. The Υ profiles of the sub-
halo stellar mass appears to have the same radial trend with the
total halo mass profile, while the Υ profile of the halo diffuse light
appears to drop more rapidly with increasing radius than the to-
tal halo mass Υ profile. The least radially concentrated halo mass
component, i.e., the halo gaseous mass, has a Υ profile that drops
least rapidly with increasing radius.
the halos, and the subtracted result is considered the dif-
fuse stellar radial distribution. These subtractions are done
in both 3D and 2D to derive the 3D and projected 2D radial
distribution of the diffuse light.
The upper and middle panels of Figure 14 show those
radial dark matter, gaseous and stellar profiles, averaged
over all the selected halos to reduce noise. In either the 3D
radial profiles or the projected 2D radial profiles, the total
halo stellar content appears to have the most concentrated
radial distribution, while the halo gaseous component ap-
pears to have the least concentrated radial distribution due
to the high interaction rate between the gaseous particles.
Neither the stellar particles or the gaseous particles appear
to faithfully follow the radial dependence of dark matter (or
halo total mass). However, after separating the total halo
stellar content into the diffuse and the subhalo components,
we notice that the subhalo stellar component is following the
dark matter (or the halo total mass) radial distribution re-
markably well, while the diffuse stellar component deviates
further from the halo dark matter radial distribution, and
becomes the most radially concentrated halo component.
The lower panel of Figure 14 shows the 2D radial den-
sity derivatives of the various halo components. As noted
above, the most faithful radial tracer of the halo dark mat-
ter (or the halo total mass) distribution appears to be the
subhalo stellar mass. The halo gaseous component has the
most mild radial slope among all of the analyzed compo-
nents, while the halo diffuse stellar component has the steep-
est radial slope and thus is the most radially concentrated.
Since diffuse light is expected to originate from galaxy strip-
ping/disruption, which can only happen at small halo radii
after the sub-halos’s outer dark matter component is com-
pletely destroyed, we consider these simulation findings un-
surprising.
We further convert the simulation projected 2D radial
densities into a Υ radial profile, so as to be more directly
comparable to the measured cluster matter/diffuse light den-
sity profiles in Section 4.2. The conversion made it less ob-
vious to directly spot the radial concentration of the various
halo components as shown in the upper panel of Figure 15,
thus we plot the ratios between the various component’s Υ
profile to the Υ profile of the total halo mass. The Υ pro-
file of halo diffuse light drops most quickly with halo radius,
while the least concentrated halo gaseous component has a
Υ profile that drops the least quickly with halo radius. The
Υ profile of the subhalo stellar mass appears to have con-
sistent radial trend with the total halo mass. We conclude
that the simulation results do not support that diffuse light
is a faithful radial tracer of the cluster total mass, although
cluster satellite galaxy stellar content is.
We note that in this Υ profile comparison, the radial
dependencies of the various halo components appear to be
only distinguishable when the measurements are made with
high S/N. Given that the Υ ratios between diffuse/total stel-
lar and cluster mass change, at most, by a factor of ∼ 3 from
200 to 1000 kpc, our observational-based measurements in
Sec. 4.2 likely does not have enough signal-to-noise to dis-
tinguish dissimilarity of radial trends between diffuse light,
cluster total light, and total mass – in the future, higher
S/N measurements of cluster weak lensing signals as well as
light distributions are necessary to confirm our findings in
observations.
5.2 Is diffuse light a good indicator of cluster
mass?
In Sec. 5.1, we find that simulation diffuse light is not a
faithful radial tracer of the cluster matter distribution, but
our analysis as well as previous studies have clearly noted
a strong correlation between diffuse light and the cluster’s
total mass (e.g. Pillepich et al. 2014; Pillepich et al. 2018;
Montes & Trujillo 2018), such as the similar shape in the
radial density contour lines between diffuse light and clus-
ter mass (e.g. Montes & Trujillo 2019; Alonso Asensio et al.
2020) and the self-similarity of the diffuse light radial pro-
files (Z19). It is possible that although diffuse light does not
faithfully trace the cluster matter distribution, it simply fol-
lows a different radial distribution that still has a strong
dependence on cluster total mass. Thus, even if the diffuse
light profiles can not be used to directly map out the dark
matter distribution inside clusters, its total luminosity can
still serve as a strong cluster mass indicator.
In this subsection, we examine the correlations between
halo mass and the various halo baryonic mass components,
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Figure 16. Upper panel: Halo mass components integrated in four radial ranges VS halo total mass M200m in the IllustrisTNG 300-1
simulation. Middle panel: Slopes of the mean relations between the various halo mass components and cluster total mass. Lower
panel: Scatter of the various halo mass components in fixed halo mass ranges, which shows that the halo gaseous component has the
least scattered halo mass indicator, while the halo diffuse light also appears to be a reasonable halo mass indicator with relatively low
scatter.
including the diffuse light, the sub-halo stellar mass and the
gaseous mass. For each halo in the simulation that are at
least 20 Mpc/h away from the simulation boundaries (to
avoid the results being affected by the boundary of the simu-
lation), we derive their diffuse stellar masses, subhalo stellar
masses, total stellar masses (diffuse + subhalo) and gaseous
masses, integrated over 3D radial ranges. The relations be-
tween the masses of those components and the cluster’s total
mass is shown in Figure 16.
In the radial ranges above 50 kpc, all the cluster bary-
onic mass components show clear correlations with cluster
mass. From 15 kpc to 50 kpc, the cluster subhalo stellar
mass do not show significant correlation with cluster mass;
the diffuse and the gaseous mass still show correlations, but
the mass dependence is milder than the other radial ranges
as measured by the slope of the component-mass/halo-mass
relations.
A particularly interesting quantity is the scatters of
these component-masses at fixed halo mass. In the lower
panel of Figure 16, we show the mean scatter of the
component-masses around their mean values in a fixed halo
mass range. As well known (e.g., Voit 2005; Kravtsov et al.
2006) in previous studies, the halo gaseous mass is an excel-
lent low-scatter indicator of halo mass, showing the lowest
scatter in our examination –around 0.1 dex throughout the
15 kpc to the 500 kpc radial range. The diffuse stellar mass,
appears to be the next best low-scatter mass indicator with
a scatter around 0.2 to 0.25 dex in the radial range of 15
kpc to 300 kpc. However, the scatter of the diffuse stellar
mass does increase with radius caused by the rapid decrease
of diffuse stellar density with radius. The halo total stel-
lar mass has consistent scatter with the halo diffuse mass
within 300 kpc, but this is likely due to the domination of
halo diffuse light in the total halo stellar content within this
radius range. The subhalo stellar mass has the highest scat-
ter among all of the probed components, around 0.2 to 0.5
dex depending on the radial or halo-mass range. Outside of
300 kpc, subhalo stellar mass starts to have similar scatter
with the diffuse mass, and meanwhile becomes a bigger con-
tributor to the halo total stellar mass over the diffuse stellar
mass.
Comparing those stellar mass components, we highly
recommend using halo diffuse stellar mass, or halo total stel-
lar mass within 500 kpc as a robust, low-scatter halo mass in-
dicator. The halo total stellar mass estimation must include
halo diffuse light to minimize the scatter within 300 kpc,
which has not been studied in previous analyses (Palmese
et al. 2020; Anbajagane et al. 2020). This simulation anal-
ysis conclusion is also in agreement with our observational
result in Sec. 3.1, in which we find strong correlation be-
tween diffuse light luminosity and cluster total mass, which
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is even more evident than the correlation between cluster
total light and mass.
Note though, these simulation conclusions are derived
with halo components mass enclosed within 3D radii, while
observations are almost always measured in 2D projected
radii, and thus affected by foreground and background struc-
tures. We find that using halo stellar mass enclosed within
2D projected radii increases its scatter, but it may be possi-
ble to reduce such a scatter in real observations with imaging
colour information, which is not reliably available in the Il-
lustrisTNG simulation (we notice that the satellite galaxies
in massive halos in the simulation do not display obvious red
sequence features and thus cannot decide on a reasonable
colour cut). Given the vital importance of developing low-
scatter halo-mass indicators in cluster cosmological studies,
it would be interesting to carry out observational studies of
cluster total stellar mass or cluster diffuse stellar mass, espe-
cially using multi-wavelength data that can observationally
evaluate the scatter of cluster mass indicators (e.g., Farahi
et al. 2019; Palmese et al. 2020).
5.3 Additional diffuse light properties
As a qualitative comparison to the observational results pre-
sented in Sec. 3, we derive additional diffuse stellar mass
properties in the IllustrisTNG simulation and show those in
Figure 17. We demonstrate the 2D-projected radial profiles
of the diffuse stellar mass and the halo total stellar mass, in
two halo mass ranges (limited by the small size of the Illus-
trisTNG cluster sample), and then derive the ratios between
the two as the diffuse stellar fraction in the simulation.
These two results are qualitatively comparable to the
observational results shown in Figure 4, 8 and 10. We find
that diffuse stellar/light is more abundant in more massive
clusters, and the diffuse stellar/light fractions do not appear
to change with cluster mass. However, the diffuse stellar frac-
tions appear to be significantly higher in the simulation than
in observations, as high as ∼40% at 1 Mpc of the cluster
center, while the observational measurements are around ∼
30%. It is possible that diffuse light has been over-produced
in the simulation.
We also averaged the diffuse stellar mass profiles after
scaling by cluster radius (R200m). In good agreement with
our observational finding (Sec. 3.2), the diffuse stellar mass
profiles also display self-similarity, that their radial profiles
appear to be uniform after scaling by cluster radius R200m.
6 CONCLUSIONS
In this paper, we present for the first time a direct com-
parison of the radial dependence of the diffuse light surface
brightness and the weak-lensing measured cluster matter
distribution, for a statistically large cluster sample with high
S/N diffuse light measurements to a cluster radial range of 1
Mpc. We also present both observational and simulation evi-
dence for a strong correlation of diffuse light luminosity with
cluster mass. Specifically, the findings can be summarized as
the following.
• Strong correlation between diffuse light brightness and
cluster mass at large radius: We observe that more massive
Figure 17. Diffuse stellar mass properties in the simulation: the
diffuse stellar mass and cluster total stellar mass radial profiles
(upper panel), the diffuse stellar fraction (middle panel) and
the cluster R200m-scaled diffuse stellar mass and cluster total stel-
lar mass radial profiles (bottom panel). These diffuse stellar
properties as well as the cluster total stellar properties are in qual-
itative agreement with the observational measurements in this
paper.
clusters have more diffuse light in the regions outside 20
kpc of the cluster center, and the mass dependence becomes
steeper with increasing cluster radius. The total stellar lu-
minosities contained within 15 kpc of the cluster centers are
almost indistinguishable between clusters of different rich-
nesses/masses, but the total stellar luminosities contained
around ∼ 300 kpc of the cluster radius show significant cor-
relation with cluster total mass.
MNRAS 000, 1–18 (2020)
16 DES Collaboration
• Self-similarity of the diffuse light radial profiles: the dif-
fuse light surface brightness radial profiles appear to have a
universal distribution at intermediate and large radius after
scaling by cluster R200m.
• Mass (in)dependence of the diffuse light fraction: we
derive the diffuse light fraction in total cluster stellar lumi-
nosity as a function of cluster radius and mass. The cumula-
tive diffuse light fraction drops with enlarging cluster radius,
reaching ∼ 24% at ∼ 700 kpc. Interestingly, we do not find
diffuse light fraction to be dependent on cluster mass within
1 Mpc of the cluster radius, possibly because the cluster
growth is well correlated with diffuse light accretion within
this radial range.
• Comparison to weak lensing matter distribution: we di-
rectly compare the radial density distribution of diffuse light
to that of the cluster total matter (including dark matter)
measured through weak lensing. We find that the diffuse
light radial distributions indeed show some level of resem-
blance with the cluster matter distributions. In addition, the
radial distribution of cluster total stellar mass also appears
to have a similar, but noisier similarity with cluster matter.
• Diffuse light properties in the IllustrisTNG simulation.
In the IllustrisTNG simulation, the diffuse light radial dis-
tribution is more concentrated towards the center than
the cluster mass (including dark matter mass) distribution,
while the radial profile of the cluster subhalo stellar mass
appears to well match that of the cluster mass. We do find
that the total stellar mass of diffuse light at large radii scales
remarkably well with the cluster mass with a low scatter,
comparable to the scaling relation of cluster gaseous mass
within 150 kpc, and outperforms the cluster subhalo stellar
mass throughout the 0 to 500 kpc radial range. This result
is consistent with our observation that diffuse light has an
excellent scaling relation with cluster mass.
Given our results, is diffuse intra-cluster light a good
tracer of the galaxy cluster matter distribution (including
dark matter)? Maybe. Observationally, we find that the dif-
fuse light radial profile shows some resemblance with that of
cluster matter measured through weak lensing, but simula-
tion analysis suggests that they are not tracing each other
faithfully. However, the diffuse light luminosity at large ra-
dius scales extraordinarily well with cluster total mass with
a power-law like relation in both observation and simula-
tion. We hence recommend developing the diffuse light ob-
servable as a potential low scatter mass indicator for clus-
ter astrophysics and cosmology studies. Such mass proxies
can be particularly useful for low-mass clusters where multi-
wavelength data is scarce and accurate cluster mass estima-
tion is challenging (e.g., see discussion in in DES Collab-
oration et al. 2020), but existing wide-field optical survey
programs like DES offer deep enough data to acquire accu-
rate measurements of diffuse light.
Moving forward, these interesting findings can enjoy a
better understanding with higher S/N measurements. The
next generation of wide-field survey programs such as the
Legacy Survey of Space and Time3 (LSST) based at the
Vera Rubin Observatory and the Euclid Wide Survey4 pro-
vide great opportunities to further investigate the properties
3 https://www.lsst.org
4 https://www.euclid-ec.org
of cluster diffuse light. Moreover, we have not explored the
effect of cluster relaxation process on diffuse light produc-
tion, or studied the correlation between cluster morphologi-
cal parameters (smoothness, cuspiness, asymmetry, and con-
centration) and diffuse light. Meanwhile, simulation studies
still need to explain the origin of diffuse light and present ev-
idence that matches diffuse light properties in observations.
We advocate that continuing to study diffuse light with both
observations and simulations will have much to contribute
to understanding galaxy and galaxy cluster evolution.
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